SeSAME syndrome is a complex disease characterized by seizures, sensorineural deafness, ataxia, mental retardation, and electrolyte imbalance. Mutations in the inwardly rectifying potassium channel Kir4.1 (KCNJ10 gene) have been linked to this condition. Kir4.1 channels are weakly rectifying channels expressed in glia, kidney, cochlea and possibly other tissues. We determined the electrophysiological properties of SeSAME mutant channels after expression in transfected mammalian cells. We found that a majority of mutations (R297C, C140R, R199X, T164I) resulted in complete loss of Kir4.1 channel function while two mutations (R65P and A167V) produced partial loss of function. All mutant channels were rescued upon co-transfection of wild-type Kir4.1 but not Kir5.1 channels. Cell surface biotinylation assays indicate significant plasma membrane expression of all mutant channels with exception of the non-sense mutant R199X. These results indicate the differential loss of Kir channel function among SeSAME syndrome mutations.
INTRODUCTION
The biophysical fingerprint of Kir channels is inward rectification in the current-voltage relationship, which limits K + efflux at depolarizing membrane potentials [1;2;3] . By virtue of their functional properties, Kir channels are essential in control of resting membrane potential, coupling of the metabolic cellular state with membrane excitability, and maintenance of K + homeostasis in diverse cell types. Kir4.1 channels encoded by the KCNJ10 gene are moderately rectifying K + channels with expression in the nervous system, inner ear, and in the kidney [4;5;6;7;8;9] . Previous work has shown that Kir4.1 channel is the principal K + channel expressed in glial cells such as retinal Müller cells, brain astrocytes and satellite glial cells [10;11;12;13;14;15] . Moreover, we and others have found that loss of Kir4.1 channel expression in mice leads to profound glial cell membrane depolarization, impaired extracellular K + buffering, and abnormal neuronal activity in the retina and brainstem [15;16] . The SeSAME (or EAST) syndrome is characterized by seizures, sensorineural deafness, ataxia, mental retardation, and electrolyte imbalances and has been mapped to missense or nonsense mutations in the KCNJ10 gene [17;18] . Functional consequences of SeSAME mutations likely involve the partial or total loss of Kir4.1 channel activity [17;18] . However, a more comprehensive characterization of the consequences of such mutations for Kir4.1 channel function has yet to be performed. In this study we report that SeSAME syndrome mutations cause variable loss of Kir4.1 channel function that can be rescued upon co-expression of wild-type Kir4.1 but not with Kir5.1 channels. Furthermore, almost all mutations do not largely impair the ability of these channels to be expressed at the plasma membrane indicating the potential utility of Kir channel openers for SeSAME syndrome therapy.
MATERIAL AND METHODS

Mutagenesis
The coding sequence of EGFP was fused in-frame to the N-terminus of rat Kir4.1 channel (plasmid generously provided by Dr. J. Adelman) and used as template for site-directed mutagenesis. Mutations were introduced using Quikchange II XL site-directed mutagenesis kit (Stratagene, Torrey Pines, CA) following the manufacturer's instructions. Rat Kir5.1 cDNA was a gift from Dr. Chun Jiang. The Kir5.1 coding sequence was transferred to pIRES2-DsRed-Express vector (Clontech, Mountain View, CA) to allow identification of Kir5.1-expressing cells. The coding sequences of all plasmids were confirmed by DNA sequencing.
Electrophysiology
HEK293 cells were grown in 35 mm dishes and transfected by using Polyfect reagent (Qiagen, Valencia, CA) with 2 μg of plasmid per dish. One day post-transfection, HEK 293 cells were transferred to a recording chamber mounted on the stage of an upright microscope (E600 FN, Nikon, Tokyo, Japan) equipped with differential interference contrast optics and epifluorescence, which was used to localize EGFP-and some cases also DsRed-expressing cells. Recordings were performed using an Axon 700A Amplifier (Molecular Devices, Sunnyvale, CA), with extracellular solution containing (in mM): 140 NaCl, 5.0 KCl, 1. 0 MgCl 2 , 1.8 CaCl 2 , 0.33 NaH 2 PO 4 , 10 glucose and 10 HEPES (pH adjusted to 7.3 with NaOH). Recordings were made with fire-polished borosilicate pipettes filled with: 125 KGluconate, 2 CaCl 2 , 2 MgCl 2 , 10 EGTA, 10 HEPES, 0.5 NaGTP, and 2 Na 2 ATP, pH with KOH (pH 7.2). Current and voltage acquisitions were performed with a Digidata 1322 D/A and A/D converter (Molecular Devices) connected to a personal computer running pClamp 10 software (Molecular Devices). Liquid junction potentials between the bath and electrode were calculated using the Liquid Junction Potential Calculator in pClamp 10 (Molecular Devices) and were corrected in all recordings.
Whole cell currents were analyzed off-line with Clampfit (Molecular Devices). Resting membrane potential (RMP) values were measured immediately following whole-cell access. Cell capacitance (Cm) and input resistance were calculated from those currents evoked by stepping the cell potential to a 10 mV hyperpolarized value for 20 ms from a holding potential of −60 mV. Charge Q was estimated by time integration of evoked current during the step voltage. Input resistance was estimated from the steady-state evoked current during the step voltage.
Biotinylation of Cell Surface Proteins and Western Blots
Biotinylation of cell surface proteins was performed using the Pierce cell surface protein isolation kit (Thermo Scientific, Rockford, IL). Briefly, HEK293 cells were grown in 25 cm 2 flasks and transfected using Polyfect reagent (Qiagen, Valencia, CA) with 4 μg of plasmid per flask. Cells were washed extensively with ice-cold Phosphate Buffered Saline (PBS) and incubated with Sulfo-NHS-SS-Biotin for 30 minutes at 4°C with gentle agitation. Unbound biotin was quenched with 500 μl quenching solution supplied in the kit and cells lyzed with 300 μl RIPA buffer consisting of 50 mM Tris (pH 8.0), 150 mM NaCl, 50 mM EGTA, 1% Triton X-100, 0.1 % Sodium Dodecyl Sulfate, 0.5% Na Deoxycholate plus Complete protease inhibitor mixture (Roche, Indianapolis, IN) for 30 minutes at 4°C with constant agitation. Following centrifugation at 16000 X g, the supernatant was incubated with 300 μl NeutrAvidin agarose for 1 hour at room temperature. The agarose was then washed to remove any unbound protein. Proteins bound to agarose were eluted using 50mM DTT in RIPA buffer by heating for 5 minutes at 95°C. Eluted proteins were stored at −80°C and used for Western blots.
For Western Blots, 24 μg of eluted proteins were loaded and subjected to electrophoresis on NuPage 4-12% Bis-Tris gels (Invitrogen, Carlsbad, CA). Proteins were transferred to Invitrolon PVDF membranes (0.45μm pore size) for 2 hours at room temperature. The membranes were then blocked for 1 hour at room temperature with PBS + 0.2% Tween + 5% milk followed by incubation in either mouse-anti-EGFP (1:750, Clontech, Mountain View, CA) or mouse-anti-Na + /K + ATPase (1:2000, Millipore, Billerica, MA) antibodies in PBS + 0.2% Tween + 1% milk overnight at 4°C with constant agitation. Membranes were washed extensively with PBS + 0.2% Tween + 1% Milk and the secondary antibody, HRPanti-mouse (1:30,000), was added for one hour at room temperature. Following membrane washes with PBS + 0.2% Tween and PBS, immunoreactive bands were visualized by chemiluminescence (Lumi-Light, Roche).
Statistics
Numerical values are given as mean ± SE. All comparisons across conditions for the same datasets were made using Student's t-test.
RESULTS
To determine the functional consequences of SeSAME syndrome mutations, we transfected HEK293 cells with expression vectors containing either wild-type or mutant Kir4.1 cDNAs (2μg/plate). The enhanced Green Fluorescent coding sequence was fused in frame to the amino terminus of the Kir4.1 coding sequence to allow visualization of transfected cells ( Figure 1A ). Following one day post-transfection, whole-cell voltage clamp recordings were performed and membrane currents were measured upon voltage steps from −160 mV to +30 mV. At potentials positive to E K (estimated at -78 mV) large barium-sensitive inward currents in cells transfected with wild-type Kir4.1 cDNA were detected (−341.5 ± 50.3 pA/ pF, n = 11, measured at −140mV)( Figure 1C , Table 1 ). Untransfected cells displayed only significant outward currents due to expression of endogenous Kv channels [19] (Figure 1B) . The weak inward rectification profile and barium-sensitivity of inward currents are characteristic of Kir4.1 channel-mediated currents expressed in heterologous expression systems [20; 21] . For Kir4.1 mutants, on the other hand, we observed diminished currents and variable loss of Kir4.1 channel function depending on the mutated residue (Figure 2A) . Expression of R65P and A167V yielded smaller Kir channel currents than wild-type ( Figure  2B ) (R65P, −5.2 ± 1.0 pA/pF n=13; A167V, −23.0 ± 3.8 pA/pF, n=14; WT, −341.5 ± 50.3 pA/pF)(P<0.05) while the remaining mutants yielded no detectable Kir currents ( Figure 2B ) ( Table 1 ). R65P and A167V mutant currents were mainly carried by K + ions as inferred by the similar reversal potential to the wild type currents (R65P, −63.3 ± 1.6mV, n=13; A167V, −66.9 ± 0.9 mV, n=14; WT, −68.4 ± 0.6 mV, n=13).
Because the SeSAME syndrome appears to be a monogenic recessive disease [17;18] we wanted to determine the effect of co-transfection of equal ratios of wild-type and mutant plasmids (1 μg each/plate). As shown in Figure 3 , in all cases, expression of the wild-type Kir4.1 channel allowed the rescue of the mutant channel. Barium sensitive currents are similar as the wild-type ( Figure 3B ). Kir current density of transfected cells with mutant Kir4.1 channels was not significantly different than those transfected with wild-type Kir4.1 channels (p>0.05 compared with the wild-type Kir4.1)( Table 1) . These results indicate that SeSAME mutations do not exert a dominant negative effect upon co-expression with wildtype Kir4.1 and that heteromeric assemblies of mutant and wild-type channels are probably fully functional, explaining the lack of a visible phenotype in heterozygous carriers for SeSAME syndrome [17] .
Kir4.1 channels in diverse tissues such as kidney, retina and brain are thought to heterooligomerize with Kir5.1 channels [9;22;23;24] , which by themselves do not generate functional channels [22] . To test whether Kir5.1 channels are able to "rescue" the function of mutant Kir4.1 channels we co-transfected equal ratios of Kir5.1 and mutant Kir4.1 channels (1 μg each/plate) (Supplemental Figure S1) . Overall, the current profiles obtained under these conditions were similar from those obtained with the homomeric channels (R297C, C140R, R199X, T164I). Again only R65P and A167V mutants yielded functional currents while the other Kir4.1 mutants failed to yield any functional currents despite the Kir5.1 channel co-expression (Table 1) .
While the previous results indicate the loss of Kir4.1 channel function from various SeSAME mutations they do not provide insights into whether these mutations affect channel gating or cell surface membrane expression. Confocal images of transfected cells show EGFP fluorescence localized principally to intracellular compartments (data not shown) though we were unable to discern the presence of Kir4.1 channel mutants in the plasma membrane based on our cell imaging procedures. We therefore adopted a biochemical approach using cell-surface biotinylation experiments (n=3) to confirm the membrane localization of SeSAME syndrome channel mutants. The biotinylated surface proteins from transfected HEK293 cells were collected and processed by SDS-PAGE and visualized via Western analysis using an antiserum to the EGFP-epitope. Cell lysates were also processed by SDS-PAGE and visualized via Western analysis for EGFP to confirm equivalent protein loading. A representative Western blot of biotinylated Kir4.1 channel mutants is reported in Figure 4 as obtained 24 hrs following transfection in register with previous functional physiological experiments. The anti-EGFP antibody detected one distinct band of apparent molecular mass of 140 KDa which is likely to represent the dimeric form of the channel protein. The molecular mass of predicted Kir4.1-EGFP polypeptide is 70KDa, thus the low electrophoretic mobility of Kir4.1 likely reflects our failure to disaggregate the tetrameric channel protein. Similar low electrophoretic mobility for Kir4.1 in Western blots has been described previously for Kir4.1 channels [25] . We detected cell surface expression for the R65P, A167V, R297C, C140R, and T164I mutants (Figure 4) . One notable exception was the lack of surface expression for the R199X non-sense mutation. Identical procedures with the exception of omission of biotinylation reagents failed to reveal any surface expression confirming the specificity of the assay.
DISCUSSION
Channelopathies have provided an unique window on the fundamental biology and functions of various channels in diverse cell types [26] . Kir-associated channelopathies have been linked to diseases affecting primarily renal, pancreatic or cardiac function [26] . The SeSAME syndrome is characterized by a constellation of seemingly unrelated multi-organ dysfunctions [17;18] . Patients with sensorineural deafness, epilepsy, ataxia and a renal saltlosing symptoms possess homozygous mutations in KCNJ10. The wide range of tissues affected in SeSAME syndrome reflects the extensive pattern of Kir4.1 channel tissue expression [27] .
Using an amenable heterologous expression system we found that various SeSAME mutations affect Kir4.1 channel function dissimilarly. Two mutations (R65P and A167V) yielded productive Kir4.1 channel currents with overall properties similar to wild-type. Thus these mutant channels were sensitive to extracellular blockade by barium ions and were selective for K + . These currents were, however, considerably smaller than those measured in the wild-type channel. The remaining SeSAME mutations, R297C, C120R, R199X and T164I yielded currents too small to resolve in our electrophysiological assays. Even by raising extracellular K + to 50 mM to maximize the magnitude of inward currents we were not able to detect the expression of these mutant channels (data not shown). Previous studies performed on Kir4.1 channels or other members of Kir channel family provide some insights into the functional consequences of these mutations. Neutralization of positively charged residues at R65 and R297 is likely to affect the PIP 2 binding to the channel, an essential cofactor for gating in the Kir channel family [28] . The more mild effect of R65 neutralization may indicate that residual PIP 2 binding persists in these mutant channels. A step subsequent to PIP 2 binding may be affected in the T164I mutant as this particular mutation prevents the formation of H-bonds between the channel two transmembrane helices (TM) [29] and affect channel gating [29] . The cysteine residue at position 120 in Kir4.1 is conserved across other Kir channel family members and mutation of this residue in the homologous Kir2.3 channel induced a loss of channel function [30] .
In SeSAME syndrome, the wide array of tissue dysfunctions is only manifested in homozygous patients and such lack of dominant negative effect of the disease-causing mutations was recapitulated in our study where co-expression of mutant and wild-type channels resulted in wild-type like currents. The apparent haplosufficiency of KCNJ10 is also seen in Kir4.1 knockout mouse models in which the heterozygous animals do not bear gross behavioral or reproductive abnormalities [15] . It is somewhat surprising that we did not observe a dominant-negative effect for the C120R mutation in our experiments as expression of the analogous mutation in Kir2.3 channels was reported to show a dominant negative inhibition of wild-type currents in Xenopus oocytes [30] . We speculate that differences in post-translational processing of proteins in these two expression systems might account for these discrepancies.
Our assessment of cell surface expression of the Kir4.1 channel mutants also reveal that missense mutations (R65P, A167V, R297C, C140R and T164I) did not drastically impair the ability of these channels to be expressed at the plasma membrane. Agents that induce or maintain the opening of Kir4.1 channels may therefore offer a potential avenue of therapy for patients bearing such mutations. However the diminished or lack of plasma membrane expression for the nonsense mutation R199X makes clear that development of novel therapies should be tailored to individual patients.
It is intriguing that SeSAME mutations which failed to yield functional expression in our studies do not cause early postnatal lethality in patients [17] while mutant mice with genetic inactivation of Kir4.1 do not survive beyond two or three weeks of age [15;31] . Species differences might account for such drastic differences in mortality rates or perhaps the inactive channels in many SeSAME syndrome patients may still have a functional role. Conceivably Kir4.1 mutants in the native tissue may be rescued partially by another accessory protein or even another Kir channel subunit. Further investigations using animal models of SeSAME syndrome might provide insights to these questions.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A biotinylation assay was used to detect the surface expression of channel protein and representative Western blot is shown. Surface expression of Kir4.1 wild-type and mutant channels were detected with exception of the non-sense R199X mutation. Lanes: 1, Kir4.1; 2, Kir4.1 without biotin; 3, A167V; 4, R199X; 5, C140R; 6, T164I; 7, R65P; 8, R297C.
